Abstract-We use the phase difference among sensors, by solving the phase wrapping problem based on the cross-spectrum between sensors, to obtain the direction of arrival without exhaustive search in the two-dimensional angle space. The proposed approach does not need the typical sensor separation or interfrequency separation requirements. Simulation results with narrowband, wideband signals (bird chirps), and field experiments using a Voxnet system validate the proposed method and demonstrate a significant performance enhancement at a low computation burden.
To reduce the computational complexity, several approaches are developed to estimate the DOA information from the phase difference among a pair of receive sensors by computing their cross-spectrum [12] , [13] . Search-free DOA estimation in a typical 1-D scenario for the estimation of either azimuth or elevation angles with a moderately spaced sensor array (e.g., linear array with half wavelength spacing) is straightforward because, in this case, the spatial angle is a single parameter that clearly maps to the signal phase difference between the sensors. The extension to the 2-D DOA estimation scenario, which involves both azimuth and elevation angles, becomes far more complicated because these two angles need to be estimated jointly [14] . In addition, the problem becomes more challenging when the sensors are arbitrarily distributed in the 3-D space where the sensor spacing is larger than half wavelength. In this case, there can be a phase ambiguity of an integer multiple of 2π between the actual and the observed phase shifts due to phase wrapping. This phase wrapping issue is a well-known difficult problem and various phase unwrapping approaches have been proposed [15] [16] [17] [18] . These phase unwrapping approaches only work for wideband signals which have a continuous spectrum consisting of a wrapping-free low frequency or at least that the interfrequency separation satisfies |Δω| ≤ πc/D, where Δω is the interfrequency separation, c is the signal propagation speed, and D is the distance between a pair of sensors [19] . The use of multiple frequencies is also considered in the context of coarray equivalence using coprime frequencies for widely separated coprime array spacing [20] [21] [22] . However, all these studies are limited to 1-D DOA estimation problems.
In this letter, we focus on the 2-D DOA estimation of a single source using the phase difference among sensors without performing angular search. To solve the phase ambiguity problem due to phase wrapping in a widely spaced sensor array, the array geometry is exploited to determine the unwrapped phase differences from the wrapped observations. Moreover, a 3-D unit vector is used to formulate the 2-D DOA estimation problem using phase data, from which an analytical solution is derived. We refer to the proposed approach as a fast direct 2-D DOA (FD-DOA) estimation approach. The proposed approach is applicable to a broad class of narrowband and wideband signals without the need of the typical sensor separation or interfrequency separation requirements for previous phase unwrapping techniques [15] [16] [17] [18] [19] . The effectiveness of the proposed techniques is verified using both simulation and experimental examples.
We denote the transposition and complex-conjugate transposition operation by superscripts (·) T and (·)
† denotes the pseudo inverse operation. Lowercase and uppercase bold symbols denote vectors and matrices, respectively. Frequency domain variables are denoted by(·).
II. ARRAY SIGNAL MODEL AND PROBLEM FORMULATION

A. 2-D Array Signal Model
Consider a noncoplanar sensor array consisting of M (M ≥ 4) omnidirectional microphones collecting signals from a single far-field source. The data received at the mth microphone is given by
where s 0 (t) is the source signal received at the reference point, which is assumed to be the centroid of the array in this letter (where a sensor may or may not exist), τ mc (θ, φ) is the time delay between the signals received at the mth sensor and the array centroid, θ and φ are the azimuth and elevation angles of the source, n m (t) is the zero-mean white Gaussian noise with variance σ 2 , and N is the number of signal samples. T . Then, τ mc can be expressed as
where
T is the 3-D unit vector associated with (θ, φ). Consider a narrowband signal with carrier frequency f . Then, from (2), the phase shift caused by the time delay between the mth sensor and the array centroid is given by
The frequency-domain array data at the kth frequency band is expressed asŨ
T are the corresponding frequency-domain array data of the M sensors at the lth snap-
T is the steering vector of the source, Θ = [θ, φ] T represents the 2-D direction of the source,
T is the source of L snapshots. Note that each component of the steering vector d mc = e j 2π f τ m c represents the phase shift of the received data between the mth and the array centroid.
B. 2-D DOA Estimation
To reduce the computational complexity by avoiding angular search, we consider the 2-D DOA estimation problem in a different perspective by directly exploiting the phase information. From (3), the phase shift vector
T of the M -sensor array with respect to the array centroid is given by
T is the array position matrix. Denoteρ as an estimation of ρ. Assuming the array position matrix R has a full column rank, i.e., there is no plane in 3-D space containing all sensors,ρ can be obtained from an estimate
The corresponding azimuth and elevation angles can be obtained as
where atan2(y, x) calculates the angle of (x, y) in the polar system. Note that (3)- (7) are based on the unwrapped phase observations. When the array spacing exceeds a half wavelength, phase wrapping ambiguity occurs and the observed wrapped phase shift will not provide correct results. We consider the phase unwrapping issue in Section III.
III. PHASE MEASUREMENT AND UNWRAPPING
A. Phase Measurement
Assume that the noises at difference sensors are independent with each other. The expectation of the cross spectrum between the signal at the mth sensor and that at the nth sensor is
is the sample covariance of the frequencydomain array data of L snapshots. Therefore, the estimated phase difference between the mth and the nth sensor is given byp
where Im(·) and Re(·), respectively, denote the imaginary and real parts of a complex number. Note that, due to the phase wrapping, the wrapped phase differencep mn (k) and the actual unwrapped phase differencep mn (k) are related byp mn (k) =p mn (k) + 2πv mn (k) where v mn (k) is an unknown integer. In the sequel, we denotê p mn (k) as the estimation of wrapped phase difference calculated from (8), andp mn (k) as the corresponding actual unwrapped phase difference to be estimated. The proposed approach only works for single source case, in multiple source case, the phase shifts extracted from the sample covariance are the combination of multiple source and cannot be decoupled into independent phase shifts.
B. Phase Unwrapping Searching
From the 2-D DOA estimation model in (6), it is clear that the determination of unknownp mc (k) and, equivalently, v mc , is key to the proposed FD-DOA approach. Given a certain sensor distance D mc between the mth sensor and the array centroid, an obvious constraint of the unwrapped phase is
where x is the ceil function that gives the minimum integer not smaller than x. Under this constraint, the searching space
The size of the combinational searching space for an M -sensor array is
, and all the possible combinations arȇ
When the M -sensor array does not contain a reference sensor at the array centroid,p mc (k) in (8) cannot be directly calculated. However, considering the fact that M m =1p mc (k) with respect to the array centroid is zero,p c (k) can be estimated by the following two steps.
1) Select the mth sensor as a temporary reference sensor and assign its phase to zero. Then, the unwrapped phase difference vector of the M -sensor array with respect to the reference sensor can be expressed as
2) Subtract the mean value ofp m (k) from each component ofp m (k) using
In this case, the searching space of the observed phase difference vector becomes Π M n =1,n =m L mn (k) since there are only M −1 independent phase differences among the M -sensor array. Equations (11) and (12) will be used in the following section for DOA estimation. 
C. Searching Criterion
The proposed FD-DOA approach works as long as the array position matrix R in (5) 
As such, it becomes clear that such probability is very small.
IV. WIDEBAND FD-DOA ESTIMATION
The proposed FD-DOA approach can be extended to wideband source DOA estimation scenarios. In this case, the received array data is converted to N subbands. Then the proposed FD-DOA approach in Section III can be utilized to obtain the estimatedρ(k) at each subband, and the weighted 3-D unit vector is given byρ
w k (14) where w k is the weight for f k and N e is the number of effective frequencies chosen for array processing. To achieve a good DOA estimation performance, the effective frequencies have to be properly chosen. Note that the SNR in each subband, SNR(k), is generally different. In this letter, the subbands with SNR(k) ≥ δ are selected, where δ is a predefined threshold. Consider that SNR(k) of each subband is unknown, we approximate it as the ratio between the largest eigenvalue and the sum of the other eigenvalues of the sample covarianceR(k)
.
Therefore, Γ e = {k :
≥ δ} is the set of selected subbands with cardinality, N e = |Γ e |.
The Cramér-Rao bound (CRB) [23] is given by
(15) The Fisher information matrix (FIM) in a wideband scenario can be regarded as the weighted sum of narrowband FIMs with weights
Note that the frequencies with a large value of f 2 k s(k) 2 decisively lower the wideband CRB.
V. SIMULATION AND EXPERIMENT
In this section, simulations and experiments are carried out to validate the proposed fast 2-D direct DOA approach. A Voxnet [24] node with four microphones is used to implement this proposed FD-DOA algorithm. To reduce the influence of sound reflected by top plate of the node, a modified Voxnet node is used. Fig. 1(a) shows a modified Voxnet node (on the left) and an original version (on the right). The sampling rate of each microphone channel is 48 kHz and the locations of microphones of the modified node are (−31.5, 0, 22.2), (0, 31.5 − 22.2), (0, −31. 5, −22.2) , and (31.5, 0, 22.2) mm. Therefore, frequencies larger than 2.7 kHz have the phase unwrapping issue.
In both simulations and experiments, a narrowband signal and four typical bird calls of BEWR, BHGB, CATH, and CAVI [25] are used as the source signals. The carrier frequency of the narrowband signal is 5.4 kHz which is twice the ambiguous frequency threshold. The effective frequency of birds signal is within the range of 4-6 kHz. Thus, the phase searching space is Π 4 n =1,n =m L mn = 64.
A. Simulation Results
The root-mean-square error (RMSE) of the proposed FD-DOA approach and the AML approach [26] is compared with the corresponding CRB. The BEWR data are used as the source signal, and the true azimuth and elevation angles are 40.4
• and 16.0
• , respectively. 50 snapshots are taken for both the FD-DOA and the AML approaches per DOA updating, and 1000 independent trials are performed at each SNR.
Figs. 2 and 3 are the 2-D (azimuth and elevation) RMSEs comparison of the proposed FD-DOA approach and the AML approach in narrowband and wideband scenarios. Their corresponding CRBs are also included for comparison. A Lenovo Thinkpad laptop equipped with an Intel i3 processor is used and the average running time for the FD-DOA approach is less than 1% of the AML approach.
In narrowband case, the results indicate that both methods approach the CRB at a moderate or high SNR (SNR ≥ 0 dB). In wideband case, the FD-DOA method approaches the CRB when SNR ≥ −10 dB. It is observed that both the AML approach and the FD-DOA approach have better performance than that in narrowband case. This is because the BEWR signal only occupies the frequency band between 4-6 kHz and the actual SNR at each effective subband will be higher than the time domain SNR. Considering the advantage of real-time performance and the negligible RMSE performance difference, the proposed FD-DOA approach has a clear advantage compared to the AML approach.
B. Experiment Results
To further validate the FD-DOA approach, field experiments are conducted using a Voxnet node with the same array configuration. One speaker played bird chirping signals at a distance of 5.22 m, and the measured SNR is about 0 dB. Each snapshot consists of 2000 samples and 50 snapshots were taken for each DOA estimation. Table I compares the results between the FD-DOA and the AML approach. The AML approach search resolution for both azimuth angle and elevation angle was set to be 1
• . The average processing time of the FD-DOA approach and the AML approach are 0.2 and 20 s, respectively. The FD-DOA results are reasonable and consistent. However, there seems to be a constant bias in the elevation angle estimates for both the AML approach and FD-DOA approach. This is likely caused by the ground reflection of impinging signals. The observed elevation angle estimation performance may also indicate a practical resilience of the method to mild multipath conditions.
VI. CONCLUSION
In this letter, a novel low-complexity 2-D DOA estimation method is proposed for acoustic sensor arrays with widely separated sensors. It estimates the DOA of a source from the phase of the array signals and solves the phase unwrapping problem by exploiting the array geometry constraints. Simulation and experiment results validate the effectiveness of the proposed FD-DOA approach and its computational efficiency.
